Unique properties of paraxially annihilating beams have been considered. We have derived the expressions for this beam type obeying the Maxwell's equations. It has been revealed that the beams originate from mismatching of the electric and magnetic fields and the evanescent waves in the field components. When the electric and magnetic fields become totally matched in the paraxial approximation, the paraxially annihilating beams vanish.
Introduction
There is a common opinion in optics that basic distinction between paraxial and nonparaxial beams is that the characteristic angle α of divergence (or convergence) of the paraxial beams must be very small so that sinα α ≈ and 2 cos 1 / 2 α α ≈ − , whereas the nonparaxial beams are characterised by arbitrarily large real values of that angle. In other words, simple decrease in the characteristic angle α transfers the beam from the nonparaxial region into the paraxial one. However, any general analysis of this point for both the scalar and vector representations of the light fields, even for a free space or a homogeneous medium, demonstrates that this is not the case. Indeed, this oversimplified approach is based, as a rule, on representation of light beams in the form of plane-wave superpositions. On the other hand, it is well known that homogeneous plane waves propagating in some medium cannot, in principle, form a complete basis for representation of general solutions to the wave equation [1] . Apparent incompleteness of such a wave set can be easily seen on the example concerned with representation of spectral integral as a solution to the scalar wave equation. For the monochromatic waves with the frequency ω we have ( )
, , 0 k n x y z ∇ + Ψ = ,
where / 2 / k c ω π λ = = stands for the wave number, λ and c respectively the free-space wavelength and light velocity, and n the refractive index of a given medium. The solution to Eq. (1) may be written for axially symmetric field distribution with the aid of the following set of plane waves [2] : 
where ( ) . Nonetheless, in order to form the wave field as a whole, it is also necessary to take into account the second set of waves with the transverse wave numbers inside the angular region k k ⊥ < <∞ , which contribute to the field
, so that the total field is given by the superposition
The properties of such a peculiar field differ radically from those of the uniform waves. First of all, their field amplitudes are exponentially reduced to zero along the z direction. Second, they oscillate along the direction Reα with the wavelength of ( )
 , which is smaller than that for the homogeneous plane waves
). These wave fields have come to be called as evanescent waves [3] [4] [5] .
They cannot be represented in terms of ordinary plane waves, except for some special cases [1] . The evanescent waves exist not only in (or near) inhomogeneous media but are inherent to side lobes of nonparaxial Gaussian beams propagating in a free space or a homogeneous medium [1, 6] , i.e. the waves containing phase singularities with alternated topological charges. Thus, the evanescent waves contribute essentially to the field structure and so any simple manipulations with the plane waves cannot permit describing all the properties of nonparaxial beams, in contrast to their paraxial analogues. The major objection to the above consideration is that the evanescent waves do not contribute to the far field [7] . This should mean that description of the near field needs taking these waves into account, though we can restrict ourselves to a simple superposition of plane homogeneous waves when characterising the singular structure of the far field of both the paraxial and nonparaxial beams. However, this approach makes a sense when applied to the scalar fields only. The nonparaxial light beams are vector-like objects characterised additionally by their magnetic fields. In general case, the singular structures of the electric and magnetic fields do not coincide, even if the contribution of evanescent waves is very small [8] . The singular lines of these fields can be matched with each other only in the paraxial approximation. The topological structure of such complex singularities needs special approaches, e.g., in the framework of Riemann-Silberstein vortices [9, 10] or the Poynting vector singularities [11] [12] [13] [14] describing common polarisation singularities for both the electric and magnetic fields. Naturally, a spectrum of singular properties of the nonparaxial beams is sufficiently richer than that for the paraxial beams. When the beam waist radius increases (i.e., when the beam tends to become paraxial), some unique properties of that beam vanish. This process is very often accompanied by annihilation of the light beam on its own.
In the present work, we consider one of the examples of nonparaxial vortex-beams propagating along the optic axis of optically uniaxial crystal. It annihilates in the process of paraxial transferring and that is why we call it as a 'paraxially annihilating vortexbeam'.
On the boundary problem for crystals
As a rule, the evanescent waves are associated with boundary waves arising at a boundary face of adjacent media due to total internal reflection of a plane wave [3] , although these waves can also exist, as mentioned above, in nonparaxial beams propagating in a homogeneous medium. Nonparaxial beams in crystals represent the brightest example of the case when the evanescent waves manifest themselves, on the one hand, as a constituent of nonparaxial beams in a homogeneous optically birefringent medium and, on the other hand, as waves matching the beam in an isotropic medium and the eigenmode beam in a crystal at its input face.
It is worth noting that the problem of matching the beam fields in the isotropic and anisotropic media is one of the most important points in the modern optics [15] . Its complexity might be judged by the fact that, to the authors' knowledge, the beam matching problem has not yet been solved in the explicit form even for relatively simple case of interface of two planar homogeneous isotropic media [16, 17] . The approach for beam matching at the interface of a homogeneous medium and a crystal is based on the principles suggested in the works [16, 17] . It is restricted to consideration of either a paraxial approximation [18] or a far radiation field [19] . At the same time, the major difficulties of the problem refer to a correct form of transmission and reflecting coefficients rather than representation of the field inside the crystal near the interface. Following the approach [19] , we will suppose that the electromagnetic field is known at the boundary, disregarding the problem of field matching at the interface. To begin with, we will analyse the main physical processes responsible for matching of the fields inside a homogeneous medium and an optically uniaxial crystal.
Let the field in a homogeneous isotropic medium at a crystal interface correspond to the nonparaxial beam containing both homogeneous and evanescent waves, while the refractive indices of the crystal be larger than that of the isotropic medium ( , medium o e n n n < ). The eigenmode beams in the crystal also contain both types of the waves. However, homogeneous waves of the isotropic medium will excite in the crystal only a set of homogeneous waves (see Fig. 1 ). In the isotropic medium with medium k k ⊥ = the latter waves propagate along the crystal interface, forming a standing wave. The similar boundary wave in the crystal is a result of superposition of homogeneous ordinary and extraordinary waves propagating in the direction opposite to that of the beam in the isotropic medium, so that we have
They form a set of homogeneous waves in the crystal responsible for matching with the boundary wave in the isotropic medium. It should be noticed that the ordinary and extraordinary waves have different angular spectra because of their different propagation constants, o k and e k . to be matched with the remaining portion of evanescent waves in the isotropic medium. As a consequence, the transmitted and reflected fields at the interface are strongly perturbed. The centre of gravity of the reflected field is shifted and the wave as a whole experiences a longitudinal and lateral shifts, too [15] . In our analysis, we will assume that the field inside the crystal at the interface has a well-defined and relatively simple form containing a regular vortex structure. However, the price for this simplicity is essential deformation of the reflected beam, the point remaining beyond our consideration.
Field structure of the paraxially annihilating vortex-beams
Our starting point is to construct a simplest nonparaxial vortex-beam in the uniaxial crystal. In the work [20] , we have already treated the basic principle of deriving the beam solutions to the Maxwell's equations in those crystals. Now we make use of the results obtained there and write out the electric and magnetic field components in the circularly polarised basis of the ordinary (
, e e E H ) waves for the vortex-beam with the lowest order of topological charge ( 1 l = ∓ ) in the input z = 0 plane: At the same time, the mode beams 
obey also the Maxwell's equations. They take the following form: 
Let us consider superpositions of the ordinary and extraordinary beams in Eqs. (4)- (7), 
where ( 1, 2, 3, 4) n c n = are constant coefficients. As shown in [20] , the beam fields given by Eqs. (4)- (7) 
Our requirement is that the left-hand polarised components of the field superpositions (13) and (14) 
After tedious though simple mathematical transformations performed in Eqs. (13) and (14), we find that 1 
where
are the corresponding normalising coefficients.
Intrinsic features of the paraxially annihilating vortex-beams 4.1. Electric and magnetic fields
What do the evanescent waves and the mismatching between the electric and magnetic fields contribute to annihilating process of the vortex-beams? To answer the question, let us consider the structure of the field components. The approximate boundary conditions given by Eqs. (22) and (23) provide minimisation of the left-hand polarised component of the nonparaxial beam in the input plane z = 0 (in the paraxial approximation, this component vanishes), so that the right-hand polarised component contributes chiefly to the beam field at comparatively small crystal lengths z. Fig. 2 illustrates the transverse and longitudinal distributions of the amplitudes and phases of the right-hand polarised components in the electric ( E + ) and magnetic ( H + ) fields. A major striking feature is essential distinction in the structures of these fields. Both the electric and magnetic fields carry over negatively charged optical vortex centred at the beam axis. The vortex is encircled by a set of ring dislocations (or toroidal vortices) in the z = 0 plane. However, in contrast to the partial mode beams in the field composition with dislocations positioned only in the z = 0 plane, the components of the paraxially annihilating beam have ring dislocations distributed along the negative and positive z directions. Despite the above resemblance, different positions and numbers of ring disloca-tions make the amplitude and phase structures of the electric and magnetic fields absolutely different. As the waist radius of the beam increases, the structures of these fields start to match, though their amplitudes tend quickly to zero. Total matching of the electric and magnetic fields causes annihilation of the beam. One of the constitutive points of our consideration is the impact of evanescent waves. The contributions of the evanescent and homogeneous waves to the field components may be estimated with Eqs. (2) 
and the distribution ( ) ( )
are defined by Eqs. value. Besides, the evanescent waves do not contribute to the far field. However, in order to be sure of that fact, it is necessary to study the behaviour of the Poynting vector. 
Poynting vector
The energy flux of the nonparaxial beam is described by the components of Poynting vector P (or the optical currents) [14, 22] that take into account the contributions of both the electric and magnetic fields: 
with { } , , Fig . 6 represents a spatial evolution of the z P component, while Fig. 7 shows a detailed representation of the energy distribution between the components of the optical currents. There are two main peculiarities in the behaviour of the optical current. First, the portion of negative longitudinal components z P is sufficiently smaller than that of the corresponding positive values. The negative value of the z P component is also incommensurably smaller than that expected from the contributions of evanescent waves shown in Fig. 4 . Although the evanescent waves play major part in shaping toroidal vortices in the z plane, the contribution to the electric and magnetic fields is partially compensated in the optical currents. Second, the optical currents have additional focal planes in both the negative and positive areas of the z axis. The density of the optical currents at first increases gradually with increasing z coordinate (or decreasing z coordinate, if 0 z < ) and then immediately falls dawn beyond the additional focus. This effect clearly manifests itself in evolution of the curves shown in Fig. 6 . In order to trace transformation of the z P component along the z axis and behaviour of the beam in the far field, we have plotted evolution of the Fig. 2) . A general pattern of the beam evolution may be described in terms of the optical currents given by Eq. (30) (see Fig. 9 ). The optical currents near the beam axis represent a uniform pattern with a slight deformation of the current lines. The deformation increases as the lines move away from the beam axis. The lines roll up into the loops and ovals in the vicinity of phase singularities of the field components, the loops being shaped not only in the z = 0 plane (as it occurs for typical nonparaxial beams [20, 23] ) but also in the adjacent areas. With increasing beam radius 0 w , the lateral loops and ovals approach to each other and annihilate in the z = 0 plane. At the same time, the Poynting vector singularities [13] positioned in the z = 0 plane, move away from the beam axis. When the beam radius increases up to 0 0.5µ m w = , the longitudinal energy flux z P becomes more than 
Conclusions
We have demonstrated that a unique property of the nonparaxial beams propagating along the optic axis of uniaxial crystals, the so-called paraxially annihilating beams, is to vanish when passing to the paraxial region. We have derived expressions for the fields obeying the Maxwell's equations and analysed them both in the terms of scalar phase singularities of the electric and magnetic field components and the optical current singularities. It is revealed that, besides of centred optical vortex, the components of the electric and magnetic fields have also a set of toroidal vortices (ring dislocations) positioned in the vicinity of z = 0 plane rather than in the z = 0 plane itself, as is the case with the typical nonparaxial beams. We have shown that the optical current lines in the paraxially annihilating beam form the loops and ovals near these phase singularities. When the waist radius increases, the lateral optical current singularities draw together and annihilate in the z = 0 plane, while the singularities positioned in the z = 0 plane move away from the beam axis. The optical current singularities in the z = 0 plane are formed by the evanescent waves, while the lateral singularities originate from mismatching of the electric and magnetic fields in the nonparaxial beam. Complete matching of the electric and magnetic fields in the paraxial approximation results in disappearance of the paraxially annihilating beam.
Although it is difficult to create experimentally non-truncated nonparaxial beams, we believe that further investigations of the nonparaxial beams in different optical media may enable experimental observations of novel unusual properties of these wave objects.
